Aluminum lactate, injected in rats, produced skeletal muscle necrosis of diaphragm and abdominal wall subjacent to peritoneal surfaces. Deeper muscle cells (distal from inoculum) were less severely affected. Ultrastructural studies of diaphragm revealed inoculum coating collagen fibrils, aggregating next to muscle basal lamina and localized within phagocytes. Aluminum lactate penetrated lymphatic vessels and caused reactive changes on the pleural as well as peritoneal surfaces of diaphragm. In contrast, injection of aluminum citrate did not produce myopathy. Also, mixtures of aluminum lactate with aluminum citrate, sodium citrate, or another chelating agent failed to produce myopathy. Therefore, the regional myopathy produced by the lactate salt provides a model for in vivo cytotoxicity of aluminum in which anionic binding is a critical determinant.
INTRODUCTION
The potential toxicity of aluminum (Al) has not been resolved. Experimental neurotoxicity studies are complicated by the poor absorption of Al from the alimentary canal and the poor penetration across the blood-brain barrier. In the present work, we investigated the effects of parenteral injections of Al compounds on muscle and other tissues around the injection site. In addition to providing an in vivo model for cytotoxicity of Al without the problems of enteral absorption and blood-tissue barrier, this approach demonstrated a crucial role for the anion to which Al is linked. The importance of the anion has been described in theoretical discussions of the chemistry of Al (21, 22, 30, 32, 34) and in studies of the toxicity of Al to plants (16) . However, the role of the anion has been explored in very few histopathologic studies of Al toxicity in animals (5, 7, 12, 33) , and skeletal muscle has not been studied as target tissue related to injection of Al compounds.
METHODS
Lewis rats (Harlan Sprague-Dawley, Indianapolis, IN) were kept in hanging metal cages with wire mesh floors. Over 200 rats, equally distributed between the sexes, usually [8] [9] [10] [11] [12] weeks old (130-200 g body weight), were studied. They were fed Purina Rodent Chow 5001 and tap water ad libitum. Aluminum compounds were dissolved in saline (sometimes with the aid of mild heat), usually 50 mg/ml, and the pH was brought to 7.1-7.4 by addition of 5 N NaOH. (Injection without neutralization was often lethal.) All the ultrastructural work and most other experiments were done with a single dose of 3 ml/ 100 g body weight, injected ip. In some experiments, either a lower dose ( I ml/ 1 00 g) or lower concentrations were injected. In the latter instances, 3 ml/ 100 g of a solution of 5 mg/ml was injected 10 times either in a single day or spread over 10 consecutive days, or a solution of 17 mg/ml was injected 3 times either in a single day or on 3 separate days. All these maneuvers provided the same total dose as the usual single injection of 3 ml/ 100 g of a 50 mg/ml solution. The rats were fasted the night before injection to minimize accidental penetration of the gastrointestinal tract. Aluminum compounds were purchased from ICN Biomedicals, Inc. (Costa Mesa, CA) or from Pfaltz and Bauer, Inc. (Waterbury, CT).
The role of the anion was determined by studying different Al compounds. Further information was obtained by injecting mixtures of 2 compounds that differed only in the cation, only in the anion, or in . ,
The abdominal half of the diaphragm (left) has destruction of all muscle cells and increased cellularity caused by influx of macrophages. Muscle fibers are intact in the thoracic side (right) but there is a clump of migrating macrophages in and around the lymphatics (right lower comer) that reaches to the pleural surface. The middle zone appears edematous at this magnification and reveals intact but injured muscle cells at higher magnification. (All light microscope figures are of diaphragms from necropsies 7 days after aluminum lactate injection.) H&E.
x 100. FIGS. 2, 3.-Necrotic, fragmented muscle fibers, cut longitudinally or transversely, attended by numerous macrophages within the fibers or in the interstitium. Proliferation of muscle nuclei represents an attempt at regeneration. Some fragments of necrotic fibers still retain longitudinal and cross-striations. The fiber being digested in the right lower comer of Fig. 2 has a mitotic macrophage within its sarcolemma. Surviving muscle cells are shrunken and misshapen. H&E.
x 400.
FIG. 4.-In addition to muscle necrosis and phagocytic activity, the right half of this field has many atypical multinucleated giant cells, probably of both myogenic and histiocytic origin. The vertical fibers in the center are proliferated from the subperitoneal connective tissue. The connective tissue on the left is the result of the chronic peritonitis caused by the aluminum lactate inoculum, some of which is visible in large macrophages (lower left). H&E. x 400.
both. Alternatively, the two compounds were injected in rapid succession. A minimum of 4 rats was used for each experimental condition involving such variables as age of rat, type of Al compound, content of mixtures, dose or concentration of Al compound, and time of necropsy.
Necropsies were performed at various times, but most often 7 days after injection. After ether-induced apnea, fixation was accomplished in situ by injecting 20 ml Bouin's fluid ip and 10 ml into the chest cavity. After 18 hr at 4°C, the entire diaphragm and samples of abdominal wall, omentum, and sometimes liver, spleen, and pancreas were fixed again in Bouin's fluid, embedded in paraffin, sectioned, and stained with hematoxylin and eosin or other stains. Almost the entire diaphragm was embedded, half in dorsal to ventral strips and half in strips from costal attachment to central tendon. Staining for Al was done with acid solochrome azurine (ASA) on cryostat sections (17, 23) .
Ultrastructural studies were performed on 3 normal rats and 7 rats injected with Al lactate. Two or 5 days after inoculation, the diaphragm was removed in continuity with the lower part of the rib cage and was immersed in a cold solution of 4% paraformaldehyde and 5% glutaraldehyde in cacodylate buffer, pH 7.4. Smaller segments of diaphragm, including peritoneum, muscle, and pleura, were cut subsequently to give both longitudinal and transverse sections of muscle fibers. These speci-mens were fixed overnight at 4°C and then rinsed in buffer and stained in 1 % osmic acid. Dehydration, embedment in Epon-812, cutting of thick and thin sections, and staining with uranyl acetate and lead citrate were done by routine methods. A minimum of 21 blocks was prepared from each rat and thick sections from all were examined. Thin sections were studied with a JEOL electron microscope, model JEM-100C, operated at 80 kV.
RESULTS

Morphology
Aluminum citrate, 50 mg/ml, injected ip (3 ml/ 100 g body weight) did not produce peritonitis or lesions of diaphragm or abdominal wall except for a few granulomas in the omentum, peritoneum, and draining mediastinal nodes. No residual inoculum was found on omentum or diaphragm. In contrast, the same dose of Al lactate produced diffuse peritonitis. Deposits of amorphous eosinophilic material, within macrophages and interstitium, were found in omentum and on peritoneal surfaces of diaphragm, liver, and spleen. This material was strongly positive for Al in ASA-stained sections (stain for iron was negative). Damage occurred to muscle fibers on the abdominal side of the diaphragm and, to a lesser degree, to those abdominal wall muscle fibers closest to the peritoneum (Figs. [1] [2] [3] [4] . One day after inoculation, many of these fibers were necrotic, as evidenced by loss of fibrils, cross-striations, and nuclear staining, by fragmented sarcoplasm, and by macrophage and neutrophil infiltration. Most necrotic muscle cells had homogeneous sarcoplasm but some showed granular or vacuolated sarcoplasm. The necrotic zone varied from 1 to 4 muscle fibers deep. Immediately outside the necrotic zone, some muscle cells had relatively mild changes such as vacuolation, increased refractivity of the myofibrils, or loss of fibrils or cross-striations. Immediately adjacent muscle cells often appeared normal. The interstitium in both necrotic and juxtanecrotic areas was edematous and contained a few neutrophils. The interstitial changes sometimes followed blood vessels and lymphatics across the diaphragm to the thoracic side where dilated collecting lymphatics were noted (Fig. 1 ).
Four days after injection of Al lactate, phagocytosis of the inoculum was advanced, coincident with fibrosis of peritoneal surfaces. The liver capsule was scalloped and there were a few macrophages beneath the capsules of liver and spleen, but necrosis of parenchymal cells was not observed. In contrast, necrotic portion of the diaphragm occupying up to one-third of its thickness was clearly delineated. Many muscle fibers were replaced by macrophages and fibroblasts. Others remained but exhibited a of which contain dense granular material. Irregular-shaped and varying-sized aggregates of inoculum (In) are also present. Near the top of the micrograph, a macrophage appears to be engulfing inoculum. Strands of lamellipodia (lp) surround a clump of inoculum. Circular, membranebound structures, present within the inoculum, appear to be mitochondria with disrupted cristae. x 4,290. One of these structures is seen in the inset. x 23,240. spectrum of abnormalities varying from necrosis to sarcoplasmic fragmentation to regeneration (increased size and number of nuclei).
Electron microscopic examination of the peritoneal surface of the diaphragm 2 days after inoculation revealed irregular masses of very small electron-dense particles (presumably inoculum).
Scattered within these areas were membrane-bound structures that resembled mitochondria, lysosomes, and mast cell granules. Numerous macrophages were present among the clumps of inoculum. Some macrophages contained inoculum within phagosomes; others exhibited long pseudopods that were engulfing inoculum (Fig. 5 ). Also noted at 2 and 5 days after inoculation were macrophages filled with vac-FIG. 6. -On the left, a portion of a regenerating muscle fiber with a central euchromatic nucleus, numerous mitochondria, and bundles of myofilaments is seen. Macrophages (Mc) with large lysosomes (L), myelin figures (mf), and clumps of granular material (*) are present in the interstitial space. In addition, a fibroblast (Fb) is present that also contains large lysosomelike bodies. The section was taken from an animal 5 days after aluminum lactate. H&E.
x 9,900. uoles that contained membranes or inoculumlike granules ( Fig. 6 ).
Ultrastructural aberrations in muscle fibers were evident at 2 days and became more pronounced at 5 days following inoculation. Changes were evident in the 3 types of muscle fibers present in diaphragm: red, white, and intermediate. These alterations included an increase in lipid droplets in red fibers, a disruption of myofibrils, and dissolution of Z lines, typically observed in white fibers (Fig. 7 ). Swollen mitochondria with disrupted cristae, vacuoles, and myelin bodies were present close to or just beneath the sarcolemma. Muscle cells did not contain granules of inoculum. Numerous regenerating muscle fibers could be seen, especially 5 days after inoculation ( Figs. 6 and 8 ). Many muscle fibers were surrounded by presumptive inoculum. The inoculum was clustered outside of the basal lamina and appeared as an irregular band (Fig. 9 ) or as larger irregular masses. In the latter instance, the sarcolemma was thrown into folds. Numerous vacuoles and myelin figures were present in the sarcoplasm covered by these folds (Fig. 10 ). Also present were hyperplastic fibroblasts that contained myelin figures and dense bodies ( Fig. 9 ). Abundant granules of inoculum were intimately related to collagen fibers (Figs. 10 and 11 ). The inoculum granules enveloped many individual collagen fibrils or small groups of fibrils, often yielding rosette configurations. This was observed at 2 and 5 days after inoculation with Al lactate, but it was not seen in untreated rats (Fig.  11 ) . Often, all fibrils in a large group were invested in this manner, yet an adjacent group might have little or no inoculum (Fig. 12 ). These granules also coated in an interrupted fashion the original mesothelial basement membrane that was positioned between adherent organizing inoculum and diaphragmatic muscle. A few regenerative cells, probably of satellite cell origin, were noted. These cells contained central euchromatic nuclei, extensive Golgi regions, and myofilaments arranged as sarcomeres (Fig. 8) . FIG. 7. -A portion of red muscle fiber (lower halo and white muscle fiber (upper halo are evident in this electron micrograph, representative of a preparation 5 days after inoculation. The white fiber contains focal areas of disruption in which Z lines are obliterated and mitochondria are enlarged and aligned perpendicular to the myofibrils. At these sites of disruption, t-tubules are clearly delineated, in contrast to the poor preservation of the internal structure of the mitochondria. X 6,500. Inset: x 28,000. After 7, 14, 21, and 28 days, light microscopy revealed all the previously mentioned diaphragmatic lesions, but there was a progressive increase of macrophages, mast cells, a few lymphocytes, fibroblasts, and collagen and a decrease of damaged muscle cells. Multinucleated cells, diverse in size, shape, and nuclear configuration, became prominent (Fig. 4) . Where the original peritoneal basement membrane could be identified, it was often composed of multiple layers, and it was often obscured by proliferated connective tissue from the organizing inoculum on one side and from the damaged muscle on the other side. Macrophages with granules of inoculum and crystallike structures had now made their way along and through lymphatic vessels to appear as clumps in dilated collecting lymphatics on the thoracic surface of the diaphragm as well as in the regional lymph nodes. Small amounts of inoculum and granulomas were present in the lymph nodes. Diaphragm and liver were often adherent. Light microscopy showed no abnormalities of diaphragmatic nerves, but electron microscopy revealed changes such as myelin figures in the axoplasm and apparent disorientation of neurofilaments and neurotubules.
Dose and Concentration of Al Lactate
Rats aged 6 weeks (weight 110 g) had similar lesions but 4-week-old pups (50 g) had much less muscle damage. Raising the dose from 3 ml/ 100 g to 7 ml/ 100 g enabled us to produce severe myopathy even in 50-g pups. Intramuscular injection of Al lactate into thigh and paravertebral muscles produced similar lesions locally. Repeated ip inoculations of 3 ml/ 100 g Al lactate 3 and 7 days after the original dose increased the residual inoculum in omentum and on peritoneal surfaces, but it had little or no effect on the depth of the myopathy in diaphragm and abdominal wall. However, the depth of the myopathy was increased when a larger single dose was given (5 ml/ 100 g) or when rats given the usual 3 ml/ 100 g dose were held in the vertical position with head down for 5 min after the single ip inoculation. This maneuver was shown by experiments with pigments to favor contact between inoculum and diaphragm (20) . In several parts of the diaphragm of these rats, muscle damage affected more than half of the thickness, and occasionally even the full thickness, whereas damage in rats given the usual 3 ml/100 g dose by con-ventional technique did not usually reach half the thickness.
A smaller ip dose of Al lactate ( mal/ 100 g instead of 3 ml/100 g) produced much less injury to the diaphragm. Dilute solutions of Al lactate were ineffective for producing myopathy even though the total doses were the same in each instance as the conventional 50-mg/ml solution. The dilute solu- The sarcolemma of this cell is thrown into villuslike projections, which become more pronounced at the region of the nucleus. Dense granular material decorates the surface of the muscle, and a few of these aggregates are present on the surface of the myoblast (5 days after aluminum lactate). x 4,290.
FIG. 9.-Dense granular material at the surface of muscle fibers can be seen in this electron micrograph. A fibroblast (Fb) and macrophage (Mc) are present in the extracellular space, both of which contain lysosomes and masses of dense granular material (5 days after aluminum lactate). x 4,290. FIG. 10. -Numerous clumps of dense granular material, presumably inoculum, can be seen in the extracellular space and close to the muscle surface in this electron micrograph. Pseudopodlike projections containing vacuoles and myelin figures extend from the muscle surface and appear to engulf the dense granular material (5 days after aluminum lactate). x 8, 5 80. tions did, however, produce the usual findings of residual inoculum in omentum and on peritoneal surfaces. (Table I) A solution containing both Al lactate and Al citrate, each at 50 mg/ml, showed no visible inter- FiG. 1 l. -a) A representative example of the appearance of collagen in the interstitial space from an untreated rat. Fb = fibroblast. x 4,950. b) Interstitial space with profiles of fibroblasts (Fb) and collagen fibrils. In both longitudinal and transverse sections, dense granular material is evident decorating collagen fibrils (5 days after aluminum lactate treatment).
Interactions of Lactate and Citrate
H&E.
x 4,950.
FiG . 12. -Representative examples of presumptive aluminum deposits seen as dense granules associated with collagen fibrils in rats 5 days after aluminum lactate administration. a) Localization of dense granules to collagen fibril bundles is seen at high magnification; the fibroblast (Fb) in this micrograph has a relatively normal endoplasmic reticulum. H&E. x 13,000. b) In this longitudinal section, several of the individual collagen fibrils flanked by dense granules are seen. H&E. x 10,560. action, but it failed to produce myopathy even though the inoculum contained the usual 150 mg/ 100 g dose of Al lactate. When the Al citrate was given 4 hr before or 4 hr after the Al lactate, it was unable to prevent the myopathy. Thus, Al citrate prevented myopathy only when given with the Al lactate. Sodium (Na) lactate alone and Na citrate alone caused no muscle or other lesions. Sodium lactate mixed with Al citrate was just as inoffensive as either separate component; clearly, the mixture had not generated Al lactate. Sodium citrate mixed with Al lactate prevented the myopathy expected from Al lactate just as Al citrate had done. Sodium combined with a different anion (acetate or chloride) did not prevent the Al lactate myopathy. Citrate was not the only protective anion; disodium iminodiacetate, another chelating agent, also prevented myopathy.
DISCUSSION
An experimental myopathy produced by Al has not been described previously, although exogenous Al can accumulate in muscle (3) and toxic myopathy can occur in Al-induced dialysis encephalopathy in humans (24, 25) . The ip route for Al injection in animals has been used frequently (1, 2, 6, 8, 12-14, 19, 29) but not the im route. Histologic studies of the diaphragm and abdominal wall after ip inoculation, or of muscle after im injection, has not been reported previously. However, intracellular injection of Al chloride into single muscle fibers produced toxic effects (4) . Mice injected ip with Al chloride developed hypothermia and hypometabolism, but injury to diaphragmatic muscle was not mentioned (13) . In the present work, local damage by im injection of Al has been observed, but the lesions were sometimes difficult to find and always difficult to quantitate. In contrast, the ip route of injection followed by in situ fixation and embedding of almost the entire diaphragm eliminated the problems associated with detecting and sampling of muscle lesions. The ip route is usually used for systemic effects of toxicants and the local effects seem to be ignored. Not only are useful data lost but secondary effects of muscle necrosis or diaphragmatic weakness might confound the original purpose of the investigation.
Aluminum lactate injected ip showed considerable selectivity for muscle rather than liver, spleen, or pancreas. These viscera had little or no necrosis or macrophage reaction even in the presence of inoculum adherent to their peritoneal surfaces. Aluminum lactate or some intermediate appeared to have penetrated the mesothelium of the diaphragm but not the capsule of liver and spleen or the peritoneal covering of the pancreas. This selectivity might be related to the greater thickness of liver and spleen capsules and/or the special structure of the diaphragmatic mesothelium. The possible importance of the lymphatic stomata in the diaphragmatic mesothelium is underscored by the everpresent histologic evidence of absorption of inoculum into the collecting lymphatics of the diaphragm and into its draining lymph nodes. The stomata were not essential, however, as myopathy also occurred in the abdominal wall muscle. Selectivity for muscle was not accompanied by absolute selectivity for muscle fiber types. The ultrastructural studies suggested a predilection for white fibers, but quantitative analyses were not made. All fiber types are represented on the abdominal side of the diaphragm (18), so all types must have been affected to some degree in the broad zone of destruction underneath the mesothelium. Peripheral nerves in the destroyed area were relatively spared, at least by light microscopic criteria. No injury to the central tendon of the diaphragm was identified even when in contact with adherent inoculum.
The myopathy that we have produced warrants further study to elucidate the molecular mechanisms of cytotoxicity produced in vivo by Al lactate in muscle, but it is unlikely that the results can be extrapolated to brain because of the large doses that were required. However, we suggest that the role of the anion is likely to be just as important in brain as in muscle. The known tight binding of Al to citrate probably reduced the concentration of toxic Al ions to insignificant amounts (21, 22, 30, 32, 34) .
The absence of residual inoculum after Al citrate injection suggests that it was completely absorbed without inducing any local reaction. Lactate binds Al more loosely, thereby allowing a toxic concentration of free Al ions to damage cells. The presence of residual insoluble inoculum after ip inoculation of soluble Al lactate suggests that a local chemical reaction had occurred. The ability of sodium citrate to prevent the myopathy ordinarily produced by Al lactate is probably related to the displacement of Al from loose-binding lactate to tight-binding citrate. The preventive effect of Al citrate probably has a similar explanation assuming that some of this citrate's chelating sites were not occupied by Al but were available to bind the additional Al ions derived from the admixed Al lactate (or that our Al citrate was contaminated with sodium or other citrates). The importance of chelation was demonstrated by our observation that a different anion with chelating properties had the same effect as citrate, whereas nonchelating anions had no effect.
We suggest that the myopathy following Al lactate injection was caused by the transient presence of Al ions that diffused into the diaphragm and abdominal wall. Possible mechanisms of Al cytotoxicity include known interactions of Al ions with cell membranes (1, 2, 10, 29), or with phosphate or phosphate-containing biomolecules (ATP, DNA, RNA, etc.), or with proteins (calmodulin, transferrin, enzymes, microtubules, intermediate filaments) (6, 9, 11, 26, 30, 31) . The Al granules seen by light and/or electron microscopy in residual inoculum, in extracellular spaces, and on membranes may be innocuous insoluble by-products of the hydrolysis of Al lactate or its combination with proteins or other molecules. Even if the granules were innocuous, the apparent affinity of Al to collagen affords a morphologic clue to an underlying chemical reaction. Similarly, the crystalloids in afferent lymphatics may be innocuous hydrolytic products; they resembled a crystalline form ofAl(OH)3 (15, 27, 28 ). The myopathy model described herein provides a new tool for elucidation of some of these molecular mechanisms.
